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ABSTRACT 


Potassium alkylamides are effective catalysts for the iso- 
topic exchange of deuterium between molecular hydrogen and liquid 
aliphatic amines. Since little information is available on their 
preparation, solubility and properties, this investigation was under- 
taken to prepare and measure the solubility of the alkylamides of 
methylamine, ethylamine, n-propylamine, 1,2-ethanediamine and 
1,2-propanediamine in corresponding amines. 

Solid potassium metal dissolved in all the amines studied 
to form deep blue solutions. However, a significant rate of solution 
in ethylamine and n-propylamine could only be obtained by contacting 
the amine with a film of potassium metal which had been precipitated 
from liquid ammonia. 

The reaction to form amide was generally carried out in the 
presence of ferric oxide catalyst and was accompanied by a change in 
colour of the solutions from deep blue to colourless or pale yellow. 
The rate of reaction varied with the system studied and appeared to 
be a function of the amount of catalyst employed. 

Solubility data for potassium methylamide in methylamine 
were obtained over the temperature range -78°C to +40°C and it was 
found that the solubility decreased with increasing temperature. 

The approximate heat of solution was found to be -0.46 kcal/gm-mole. 

Attempts to measure the solubility of potassium ethylamide 
in ethylamine over the temperature range -78°C to -5°C were made 
Results were inconclusive as several species of amide appeared to 


form and difficulties were encountered with analysis. However, the 
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solubility expressed as gm-K/kgm-amine was approximately 90 gm-K/ 
kgm-amine at -40°C and increased markedly with temperature. 

A n-propylamine solution which contained 11 gm-K/1. 
solution as n-propylamide at 22.3°C was prepared. 

The potassium amides of the diamines were unstable and 
readily decomposed at room temperature to form low molecular weight 
polymers. Thus attempts to measure amide concentrations were 
unsuccessful. 

The solubility of hydrogen in solutions of potassium 
methylamide in methylamine was approximately the same as the 


solubility in the pure methylamine. 
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CHAPTER 1 
INTRODUCTION 


The isotopic exchange of hydrogen presently forms the basis 
for processes used for the commercial production of heavy water. 
Heavy water plants operating or being built in Canada utilize the 


(1) 


G.S. process which is based on the isotopic exchange reaction of 
hydrogen between water and hydrogen-sulphide at two different 
temperatures. 

In the search for a more economical process for the pro- 
duction of heavy water, it has been of interest to investigate the 
isotopic exchange between hydrogen and a number of aliphatic amines 
(2,3,4,5 56,7) This exchange is catalyzed by the alkali metal amide 
of the aliphatic amine and the rate of exchange is dependent upon 
the catalyst concentration. 

To be attractive for use in the hydrogen-amine exchange 
process, the amine should have a low vapour pressure and a high 
ratio of exchangeable hydrogen to total weight because this leads to 
lower capital construction costs and operational costs. In addition, 
the amine should readily react with an alkali metal to form an amide 
and this amide should be sufficiently soluble in the amine to provide 
effective catalysis. The amide solution should be stable over the 
range of operating temperatures proposed for the exchange process. 
Our present experience indicates that only dissolved amide in amine 
works as an effective catalyst for the exchange reaction. 


The work reported here was undertaken to qualitatively 


observe the behavior of several amines when contacted with potassium 
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metal and to measure the solubility of the potassium alkylamides in 
the amines. The amines selected for this study were methylamine, 


ethylamine, n-propylamine, 1,2-ethanediamine and 1,2-propanediamine. 
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CHAPTER 2 


LITERATURE SURVEY 


A. Aliphatic Amines 

Amines are derivatives of ammonia in which one or more 
hydrogen atoms are replaced by an alkyl group, and three subclasses 
of amines are defined according to the number of alkyl groups 
attached to nitrogen. These are known as primary, secondary and 
tertiary amine, and examples are shown below. 


primary amine: RNH, type 


CH ANH. methylamine 
HoN+ CH, * CH, + CHa +NH,, 1,3-propanediamine 
CgHgNH, phenylamine 
secondary amine: Ra RoNH type 
(CoHe ) NH diethylamine 
NH pyrrolidine 
CH, - CH, 


tertiary amine: Ry RoR3N type 
(CH,) 2N trimethylamine 
CoHEN(CH). N ,N-dimethylphenylamine 
Amines are named as alkyl or aryl substituted compounds of 


(8) 


ammonia. The IUPAC nomenclature rule gives the name "amino" for 
the functional group ~NH, which exists in primary amines. However, 
many different names are commonly used for the same compounds and 

some confusion occurs especially for diamines. These trivial names 


have been used over many years and appear in most of the papers pub- 


lished so far. 
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Table 1 shows the IUPAC names of the amines studied, together 
with the chemical formulae and currently used synonyms. 

Methylamine and ethylamine were discovered in 1849 by Wurtz 
and a general method of preparing amines was discovered shortly there- 
after by Hofmann. Amines with moderate molecular weight are either 
gases or fairly volatile liquids and they have a pronounced odor 
which is similar to that of ammonia but more fishlike. 

Amines are slightly associated owing to their ability to 
form weak hydrogen bonds. The hydrogen bonds in amine, N-H...N, are 
much weaker than those in alcohol, since nitrogen is less electro- 
negative than oxygen. Therefore, the boiling points of amines are 
much lower than those of corresponding alcohols. Tertiary amines, 
lacking the necessary hydrogen atom attached to nitrogen, cannot 
undergo association and have boiling points close to comparable 
paraffin hydrocarbons. On the other hand, amines have a greater 
affinity for water than have alcohols, and their solubility in water 
is consequently greater. 

One of the most important chemical properties of amines is 
their basicity because of the presence of a lone pair of electrons 
in the nitrogen atom. The ionization of amines in aqueous solution 


can be represented by the following equations. 


> > oT - (1 ) 
RNH, + H,0 < RNH, eC Hea RN. + OH 
> + - 
> 7 - 
RN : H,0 + RaN H-O-H + RaNH + OH (3) 
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TABLE 1 
The IUPAC Names for Amines 


IUPAC Name Formula Synonyms 

Ami nome thane CH NH, Methylamine 
Monomethy 1 amine 

Aminoe thane CoHENH, Ethylamine 
Monoethy 1 amine 

]-Aminopropane CoHoNH, Propylamine 


1,2-Diaminopropane 


1,2-Diaminoethane 


HNCH, CHNH, CH. 


CAH) Ns 


HoNCH,CHONH, 


CoHgN, 


N-Propylamine 


1,2-Propanediamine 


1 ,2-Ethanedi amine 
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In comparison with sodium hydroxide, they are only weak bases, owing 
to the fact that these equilibria lie well to the left hand side. 
The proton in water is attracted by the lone electron pair on the 
nitrogen atom. 

The basic dissociation constant of an amine (k, ) is 


expressed by the following equation. 


[RNH=] [OH™ ] 
ky TRI, TROT us 
2 2 

Basic strength is expressed as the negative logarithm of the basic 
dissociation constant: thus pK, = -log Kk, A strong base has a low 
pk, value and a weak base has a value approaching the limit pK, = 14, 
The pK, value for NaOH is almost O whereas that for ammonia is 4.75. 
Methylamine and ethylamine have pK, values of 3.37 and 3.27 respect- 
ively indicating that they are stronger bases than ammonia. This is 
due to the fact that the methyl or ethyl group has an electron 
release effect which increases the electron density on nitrogen and 
hence increases its affinity for a proton. Also, the alkali metal 
amides of amines dissociate in non-aqueous media to give stronger 
bases than the corresponding amides of ammonia. The physical pro- 
perties of amines selected for this study are listed in Table 2 


together with those for ammonia for comparisons oti) sles19) 


B. Alkali Metals and Alkali Metal Amides 
(1) Alkali Metals 
The elements which belong to group JA of the periodic table 


are called alkali metals and include lithium, sodium, potassium, 
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rubidium, cesium and francium. The alkali metals are all soft and 
display a silvery colour when freshly cut. They are the most strongly 
electropositive of the metals and the basicity increases with atomic 
weight. Sodium is easily cut with a heavy spatula or a knife. 
Potassium is slightly harder than sodium, but rubidium and cesium 
are softer. Lithium is the hardest of the alkali metals. 

Alkali metals are manufactured by electrolysis of their 


fused hydroxides or eal 


Lithium metal applications of interest 
are found in polymerization catalysis and in organic synthesis as 
well as in classified fields pertaining to futuristic fuels. The 
usage of potassium is mainly for manufacturing fertilizers. Potassium 
metal and sodium metal form an alloy, Nak, and this alloy is used as 
a heat transfer media in some nuclear power sxcvervages Col 

Alkali metals, either in solid or liquid form, can be con- 
taminated by exposure to air. Therefore, alkali metals should be 
stored and handled in the absence of air. The contamination of 
alkali metals by both dry gases and moist gases has been investigated 


(15), 


rather extensively All anhydrous gases, including oxygen, 
carbon dioxide and nitrogen, are inert to lithium metal to at least 
160°C. Dry nitrogen does not react with alkali metals except lithium 
at higher temperatures. Lithium metal reacts with nitrogen to form 


a reddish-brown nitride at high cayreereapmne eke 


ocin 1/2N, > Lin (5) 


The reaction between alkali metals and oxygen gas is found 


to be very sensitive to moisture and reaction does not take place 
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under super-dry conditions (Pi1,0 = 0.00002 mm). However, a possible 
mechanism for the nonreactivity of solid lithium, sodium and potassium 
with dry oxygen is the formation of a transparent anhydrous oxide film 
which is similar to that of aluminum. cathart‘!7) measured the oxida- 
tion of solid sodium with dry oxygen and concluded that a highly pro- 
tective oxide film was formed. 

On the contrary, moist gases attack the alkali metals and 
the rate and extent of the reaction varies with the individual alkali 
metals. Exposure of lithium to moist air produces Li,0 priow torLi0H. 
While thermodynamic considerations suggest the preferential formation 
of hydroxide, the partial pressure of oxygen is much larger than that 
of water, resulting in a large amount of oxide. Lithium and moist 
air can also react to form nitride, Lian, and this nitride can be 
reduced by the excess moisture to form ammonia. Potassium reacts 
with moist air to form peroxide and superoxide. Potassium peroxide, 
K50, > is quite unstable and readily oxidized to superoxide KO, in 
air. Potassium superoxide reacts explosively with metallic potassium. 
It can react with C0. to liberate oxygen and form carbonate. Reaction 
of superoxide with excess water vapour to form hydroxide is also pos- 
sible and this hydroxide can react with carbon dioxide to form bicar- 
bonate. Thus, the air-oxidation products of potassium can contain a 
mixture of oxides, hydroxide, carbonate and bicarbonate. 

The reaction between water and alkali metals is usually 
vigorous and generated hydrogen ignites especially in case of potassium, 
rubidium and cesium. Sodium and lithium react slowly with water if 


the temperature is held near room temperature. 
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The alkali metals react with alcohols yielding alkoxide 
The reaction is less vigorous than that with water, but care must be 
taken because alcohols themselves are flammable. Amylalcohol or 
higher alcohols react with alkali metals without giving any hazard 
and they are usually used for destroying alkali metals. 

Saturated hydrocarbons and aromatic hydrocarbons are inert 
to alkali metals. Therefore, alkali metals can be stored or handled 
in these hydrocarbons. 

(2) Amides 


(18,19 ,20) 


An alkali metal amide 1S a compound in which one 


of the hydrogens attached to nitrogen in ammonia or amines is replaced 
by an alkali metal. According to the IUPAC nomenclature rutel2!) | 
amide is the name given for the -NH, group when it reacts as an anion. 
Currently, MNH., type amides are simply called amide; i.e. KNH, is 
called potassium amide. 

Alkali metal amides are white crystalline solids with 
relatively high melting points. They have been used as reagents in 


(22) | Lithium amide and sodium amide 


the field of organic synthesis 
have been commercially available since 1946. Several bad accidents 
have been reported in handling sodium amide and they were undoubtedly 
caused by oxidation products. All amides are hydrolyzed vigorously 


by water according to the following equation. 


0 + NH, + MOH (6) 


MNH, + H 3 


2 2 


where M is any alkali metal. 
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Deterioration of amides during storage has been studied by 


many investigators (23224 25 26) | 


They show that the alkali amides 
are rapidly acted upon by oxygen, carbon dioxide and moisture of the 
air to give mixtures which are not only dangerously explosive but 
also contain a sufficient number of impurities to render them useless 


for many Mllgouses <0) 


Thus, to keep the amide always in an atmos- 
phere of ammonia or of inert gas is recommended for storage purposes. 
A patent (27) has been granted for the preparation of mixtures which 
can be safely handled and transported by grinding an alkali amide 
with two to six times its weight of an inert organic liquid, eg. 
benzene, until a homogeneous paste is obtained. 

Alkali metal amides of amines are named as the alkyl or 
aryl derivatives of MNH., type amide. For example, CH NHK is called 
potassium methylamide. The properties of alkali metal amides of 
ammonia have been investigated to some extent, however, little is 
Known about those formed from amines. The physical properties of 
alkali metal amides are listed in Table 3 (18) 

(ig) Lithium Amide 

Lithium amide is a white crystalline solid, which melts to 


(20). 


a clear liquid with a greenish tinge at 380 + 400°C At 430°C 


it becomes reddish and decomposes evolving nitrogen and hydrogen. 


(28) 


However, Ruff claimed that lithium amide decomposed into imide 


and ammonia on heating to 240°C, according to the following equation. 


2LiNH, a Li5NH NH. (7) 


He also observed the decomposition of lithium imide into nitride at 
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TABLESS 


Physical Properties of Alkali Amides 


Ami de Melting Point Density Heat of 
6 Formation 
K cal/mole 
LiNH, 373-375 lal 8 42 
NaNH. 205 1.39 2a, 
KNH., 338 1.64 24, 
RbNH,, 309 + | 2.58 26 
CsNH, 26246) 3.43 28 
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higher temperatures and stated that lithium amide was the only alkali 
amide which decomposed into imide and nitride on heating. 

The crystal structure of lithium amide has been determined. 
The substance is tetragonal with the lattice constants a = 5.016A, 
c = 10,.22k (29), 

(ii) Sodium Amide 

Relatively extensive studies have been done on the nature 
of sodium amide. The molten amide is clear, usually with a slight 
yellow tinge. Thermal decomposition of sodium amide was studied 
under both vacuum and pressure. In a vacuum, decomposition begins 
at 330°C and is complete at 440°C, sodium metal remaining. At 390°C 
gas evolution is slow and a mixture of sodium nitride (?) , sodium 


(19) | (30) examined the 


and sodium amide is left Sakurazawa and Hara 
thermal decomposition under pressure through the temperature range 
of 335 + 400°C. The following equations are believed to express the 


decomposition mechanism: 


NaNh >* Nahe 0.5 No a Obes) Ho (8) 


if the total pressure is kept above the decomposition pressure of 


sodium hydride. 


NaNioe =) Nav+)0.5 N, + Hy (9) 


2 


if the gaseous products are pumped away and the pressure is kept 


below the decomposition pressure of sodium hydride. 


NaNH, + Ho > NaH + NH. (side reaction) (10) 
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(31) 


Sigetomi investigated the solubility of sodium amide in 


liquid ammonia at different temperatures and found its solubility per 
100 gm of ammonia to be as follows: 20°C, 0.163 gm; 10°C, 0.149 gm; 
O°C, 0. 140fom; -10°Gs10. 130 ,gm39-20°C, 0.114 gm. Shenk and Tulhotf 
(32) studied at temperatures below -35°C and gave the following 
solubility per 100 gm of ammonia: -35°C, 0.095 gm; -40°C, 0.092 gm; 
-50°C, 0.086 gm; -60°C, 0.082 gm; -70°C, 0.080 gm. These values seem 
to be in good agreement when plotted on a graph. 

(iii1) Potassium Amide 

Crystalline potassium amide melts into a colourless liquid 


(20). 


with a faint greenish tinge on heating The greenish colour 


increases with temperature. This amide is very stable and does not 
decompose even at 500°C. However, slow decomposition starts at a 
full red heat evolving hydrogen and nitrogen. 


Potassium amide is rapidly oxidized on exposure to the 


(33) 


atmosphere according to the following equation. 


2 KNH, +305, + 2 KNGe ete zon. 0 (11) 


Z @ 2 


The water formed reacts with amide according to the equation (6), 


CaN pace On eee KONE tea Nt 


Z Z 3 


The overall reaction is represented by, 


4 KNH., an 6) 05 Se 0 KNO., te CMO HEE. 2 NH. 


Oxidation of molten potassium oxide by dry oxygen results in the 


formation of KONH, and K,0,. The K0, forms a protective layer, which 


Z 2-4 
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retards the reaction, and by diffusion the K50, reacts with KNH. to 


give KNO, and KOH. A maximum of yellow coloration occurs at the end 


of reaceon oe 


(iv) Alkali Alkylamides 

The alkali alkylamides are also quite reactive and readily 
react with oxygen and with hydroxide compounds especially water and 
alcohol. 

A characteristic property of some alkali alkylamides is 


that they decompose to give cyanide on heating. 


Ci N GM? MCN eZ 


4 (14) 


2 
(35) 


Rengade reported that dry cesium methylamide decomposed by heat- 


ing it to 120°C according to the above equation. He also observed 
the decomposition of dry cesium iso-butylamide at 105°C. The decom- 


position of cesium methylamide was recently confirmed by Juza and 


36) 


Hi lienbrand: They reported that cesium methylamide dissolved in 


methylamine decomposed according to equation (14) between 30 and 50°C. 


(36 ) 


Juza and Hillenbrand studied the properties of lithium 


methylamide which was obtained as a white powder. They report that 
this substance is unstable in air and it reacts with the following 


Substances to give the products in parenthesis. 


Ho0 (LiOH, CH NH, ) 


ROH (LiOR, CH.NH 


3 2) 


where R is a methyl or ethyl group. The density of solid lithium 


amide was determined to be 1.113 gm/cc. and the heat of formation 
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-21.5 k cal/mole. They also state that the ease of formation of 
methylamide by the reaction of the amine with alkali metals increases 
from lithium to cesium, on the other hand, thermal stability 
decreases from lithium to cesium. The methylamides were found to be 
thermally less stable than the amides. 


(5) 


The study of decomposition was also done by Rochard Tow 
the potassium amide of methylamine, dimethylamine and iso-propylamine. 
They observed no decomposition of potassium amides at temperatures 
lower than -20°C. The dried potassium amides of methylamine and 
dimethylamine did not decompose even at room temperature. On the 
other hand, potassium iso-propylamide dissolved in iso-propylamine 
decomposed at room temperature and the catalytic activity of potassium 
iso-propylamide decreased as time progressed. 
(3) Preparation of Potassium Amide 

The reaction of gaseous ammonia with molten metals is pro- 
bably the best way to obtain the alkali amides in quantity (37 »38,39,40) | 
For example, potassium amide can be prepared by bubbling preheated 
ammonia gas through molten potassium in the absence of oxygen and 
water vapour. As the reaction proceeds, small green-blue drops are 
formed on the surface of the metal and these drops disappear into 
the bulk of the molten metal. When the reaction is complete, the 
liquid becomes clear light yellow in colour. The melt will set to 
a white crystalline solid on cooling. Several different reaction 
vessels have been used for the conversion of the alkali metal to 


amide, but those constructed of nickel appear to be the most generally 


useful. Vessels of glass or porcelain are out of the question because 


7 ot bawor enaw siicect yi ant mre 
denies att 

vot — Yd“snob oats 26w not tz0qno *b ‘te xbute ant A 
- oti teat gorge ort bas antinatyddenib < ata rypiaa'9 9 pyres cutzeetog BAe 
asuseragros +5 zabims .murzastog, to rok obtiap on bavegeda wont 
bns sntmefyiten to zebims mufegetog betyb ofT .3°O8+ neg owt : 
; att 10 .sywiersqned mony Ss mays Szaqmoaad Jon bib ont tins Cylon, 
entmelyaorg-o2t-nt bavfoeerh sbting fyqotasoet mtzestoq ,bnad Yedto 
‘mwfeasteg to vty Hos tivfetas sit bab siussyeqmsd moov 36 —* 
.bseesvp0xg, emt. ‘26 bsasstoab ob te funerrgeoet! 
9h im muize5i09 To nots egsy9_ (). ool f 

-arq at 2lsgom riediom Attw 6 fnomis avosese to notioss; SAT 

| NOR RE, ae, SE) raneup nt 2ebris Plaats odd ntsido of Yew J2od ond viosd 
a. a | 
beisoriera pnt iddud yd beveqerg ed m6 sb tins muteaetog sf gnexs 10 
bris feoyko to Sonsads 8AF nt mutezstog nsiiom Apuoid? zap 8 tome: 
m6 2qowb suld-nsaxp Fides <2bessoig notijesy sid 2A .whgey teisw_ | 
Otni ~weeqgsetb eqov.sestt bne [stom si ta SoBtive aie, tt benno? | 
ent .siafqnos 2t hoirsss sid nat .. Tessa nshfom ont Yo dlud ang 
al sae (fiw Sfem ant .wold at wor fey slot vest eomorsd toh r 

notaoeen Ingiat} tb fayeys2 senttoos no bt Toe ent rtedeynd Pia 


. — Teton rants an! +e snotenounds ent apr seem ape: 


an 


20 


they are attacked by the melt and hence give a contaminated product. 


It was reported'?/? 


that during their formation, the amides tended 
to sublime and creep over the side of the containing vessel. 

The most common practice to prepare alkali amides in the 
laboratory may be the reaction between liquid ammonia and dissolved 
metal in ammonia. The alkali metals dissolve in liquid ammonia 
without any chemical reaction and such solutions possess a char- 
acteristic deep blue colour in the dilute concentration range. The 
absorption spectra of these solutions exhibit an intense band around 
15 ,000 a, (4142) When the metal dissolves it dissociates to some 
extent to give metal ions and electrons, both of which are solvated. 


The two equilibria considered to be present are\43) 


+ + = 
iss Sm 0 A WE aera 721 Ae 


monomer M may be considered as a simple ion pair in which the 
ammoniated metal ion and ammoniated electron are held together by 
coulombic forces. Similarly dimer Mo may be considered as a quad- 
rupolar ionic assembly of the two ammoniated metal ions and the two 
ammoniated electrons. The solvated electron is represented by uaa 

The solutions of alkali metals in liquid ammonia are fairly 
Stable at low Penperatires: 7 and solutions of potassium in ammonia 
may be preserved for a couple of days even at room sooner) 
The reaction of the alkali metals with liquid ammonia are greatly 


influenced by catalysts and, in the presence of iron oxide or finely 


divided platinum, the potassium in liquid ammonia is completely 
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converted to potassium amide within an hour or, often in a very few 
minutes. Many metals, metallic oxides and hydroxides serve to 
catalyze this reaction. Short ultra-violet light is also known to be 
a catalyst. 


Burgess and Kahler (46) 


studied the catalytic effect with 
both foils and powders and determined the most appropriate catalysts. 
For various foils the time in minutes for the conversion of 5 - 6 mg 
of potassium in 50 ml of liquid ammonia to amide were: platinized 
platinum, 2.6; rusted iron, 3.1; nickel, 21; pure iron, 44; smooth 
platinum, 66; zinc, 71-86; copper, 102-232; silver, 245-252; gray 
platinum, 556; tantalum and niobium, 1000; no catalyst, 1500. The 
effect of stirring was also determined. The time for reaction was 
found to increase markedly with a decrease in the rate of stirring 
below 200 r.p.m. The relative order for powdered catalysts was the 
same. The catalytic effect of platinized platinum gauze was investi- 


(47) 


gated by Juza and co-workers For 1 - 2 g. of metal in about 40 
ml. of liquid ammonia at room temperature the following times were 
required for complete reaction: lithium, 7-8 days; sodium, 6-8 days; 
potassium, 2 hours; rubidium and cesium, 0.5 hours. Ruff and 


Geise) $45) 


claim that at room temperature, half saturated solutions 
require the lapse of the following times before they are completely 
decomposed to give amide in the absence of any catalysts: Cs, 1-2 
hours; Rb, 6-10 hours; K, 2-3 days; Na and Li, 2-3 weeks. The 
completion of the reaction can be identified by observing the change 


in colour of the solution from a deep blue to a pale yellow or 


colourless solution. 
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(46 ) observed that sodium amide in solu- 


Burgess and Kahler 
tion poisoned the catalyst, while potassium amide had little or no 
effect upon the activity of the catalyst even when present in high 
concentrations. However, it is said that metal amides also catalyze 
the reaction, thus decomposition of metal-ammonia solution is self- 


catalyzed once the reaction stants 4°) , 


sere aie ghee) 


State that the reaction between potassium 
and ammonia is zero order with respect to potassium concentration 
at high concentrations but it approaches first order as the concen- 
tration of potassium is decreased. 

Although rusted iron is one of the most effective catalysts, 


the use of this catalyst is not ~oeemmanctag ae! 


for producing an 
amide of highest purity, because of interaction between the oxides 
and amide. 

The production of alkali amide by the electrolysis of salt 
Solutions in liquid ammonia has been extensively investigated. 
Akhumov and TaEPArORE successfully carried out the electrolysis 


of potassium bromide in liquid ammonia using 6-10 volts. Yield of 


80-99 percent of potassium amide was obtained. 


6 KBr + 14 NH, + 6 NH,Br + 5GaKNH, ete SH (17) 


3 2 pts 


The alkali amides are frequently formed as products of the 


reducing action of the alkali metals on organic compounds in liquid 


ammonia Ammonolysis of monoxide or nitride can provide 
alkali amides as ery 
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+ MNH, + MOH (18) 


M0 + NH. 9 


Na3N ae oa NH. eS NaNH, (19) 


(4) Solubility of Potassium Amide in Liquid Ammonia 
The solution of potassium amide in liquid ammonia has been 


(55) 


studied rather extensively. Juza and Liedtke and Juza and 


Mehne (20) 


observed that the crystals which were obtained from a 
potassium amide solution in liquid ammonia have several different 
forms. Their study was carried out using tensimetric measurement in 
the temperature range of -70°C to -31°C. According to their careful 


measurement, different ammoniates of potassium amide exist at dif- 


ferent temperatures; namely 


1 ] 


below -60°C > KNH, ay NH a KNH, ae NH (20) 
-60°C to -42°C KNH., at NH. > KNH, NH. (21) 
KNH, ° NH + NH. > KNH, Be NH, (22) 

above -42°C KNH, + NH > KNH, » NH (23) 


However, their x-ray graphic measurement showed that below -42°C, only 


KNH. - 2 NH, and above -42°C, only KNH, : NH. crystallize from the 


solution of potassium amide in liquid ammonia. 


32550) 


Schenk and Tike reported values for the solubility 


for potassium amide in liquid ammonia over the temperature range of 
-75°C to -32°C. They also showed that the solution precipitates 


KNH, » NH, above -42°C, and KNH, - 2 NH, below -42°C. By careful work, 
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however, the solution could leave KNH. ° NH. as the precipitate at 
temperatures close to -50°C. 


(58) 


Moreau and Lepoutre presented a complete phase diagram 
for potassium amide and liquid ammonia. Their experimental tempera- 
ture range was -100°C to +60°C and precision of the temperature con- 
trol was 0.1°C below 18°C and 1°C above that temperature. They 
measured the solubility of potassium amide in liquid ammonia by pre- 
paring a large number of solutions of different concentrations in 
sealed tubes and by observing the crystallization points of these 
solutions. The solubility values obtained show a fairly good agree- 
ment with those obtained by Schenk and Tulhoff. The fact that the 
amide exists in many forms was also confirmed and the transition 


and eutectic points were determined. The solid phases which were 


stable at saturated concentrations were as follows. 


from -78.8°C to -42.2°C KNH 


2 3 
from =42.2°G tosal7vieG KNH., NH, 
above -17.7°C KNH., 


They also presented the following empirical equations for the solu- 
bility of potassium amide in liquid ammonia as a function of tempera- 


ture. 


from -78.8°C to -42.2°C 
logyg (x(1 - x)*) = 7.400 - 1964.2/T (24) 


from -42.2°C to -17.7°C 
1094 ieoe x) meter aelboo=) 1.32.0/ | (25) 
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above -17.7°C 


10949 Kee Oto =e 120.3/ I (26) 


Where x is the mole fraction of potassium amide in liquid ammonia and 
T is the absolute temperature. 

Figure 1 shows the phase diagram obtained by Moreau and 
Lepoutre. The solubility values presented by Schenk and Tolhoff are 
also shown as dotted lines. The lines parallel to the abscissa 
represent the invariant system formed of 4 phases; gas, liquid and 
2 solids, or 1 gas and 3 solids. They correspond to the eutectic 
point -78.8°C, and to the transition points -60°C, -42.2°C, and 
-17.7°C. The straight lines parallel to the ordinate represent the 
pure solid phases. They are NH KNH. - 2 NH 


KNH, ° NH. and 


Su 2 
KNH. from left to right. The compositions of zones | to 8 are as 


follows. 


Zone | non-saturated solution 

Zone 2 saturate solution + KNH., 

Zone 3 Saturate solution + KNH. ° NH 
Zone 4 saturate solution + KNH, ee NH. 
Zone 5 KNH, y 4 NH + KNH, , NH 

Zone 6 KNH, : NH. + KNH, 

Zone 7 KNH, o 4 NH. + KNH, 

Zone 8 Solid NH. + KNH., Si NH. 


(5) Solutions of Alkali Metals in Aliphatic Amines 
The simpler amines have been known to possess to a limited 


extent the ability to dissolve alkali metals to yield blue solutions. 
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ZONE 2 


——— Moreau and Lepoutre 
A Schenk and Tulhoff 


TEMPERATURE (°C) 


-100 
NH, 0.2 0.4 0.6 0.8 KNH 


COMPOSITION (Mole Fraction ) 


Figure 1. PHASE DIAGRAM FOR POTASSIUM AMIDE - AMMONIA SYSTEM 


ay 


Moissan\°>) (35) 


Showed that lithium and Rengade that cesium are sol- 


(60) observed that lithium is also soluble 


uble in methylamine. Kraus 
in ethylamine, although less so than in methylamine, and that lithium 
is insoluble in propylamine by showing that the metallic lithium was 
precipitated from a solution of its salts in propylamine in electroly- 
sis. Audrieth and Kleinberg'¢!? Supported the insolubility of lithium 
in propylamine. Kraus (60) reported that potassium slowly dissolved in 
1,2-ethanediamine but that the solution was very unstable (decomposed 
to form amide), that sodium and potassium were insoluble in secondary 


62) also claimed that alkali 


and tertiary amines. Birch and McDonald! 
metals are insoluble in secondary and tertiary amines. According to 
Moissan'2) , sodium and potassium are insoluble in methylamine which 
is free from ammonia. 

More recent studies on the alkali metal - amine solutions 
(41 ,63,64 65,66 .67 68) are concerned with the measurements of electron 
spin resonance (E.S.R.), optical absorption spectra, electrical con- 
ductivity and nuclear magnetic resonance (N.M.R.). These studies have 
been carried out in an attempt to describe the nature of the metal - 
amine solutions as compared to that of metal - ammonia solutions. 
Most of the investigators took care to take measurement while the pre- 
pared solutions were fresh, since decomposition of the solution took 


(69) 


place to some extent after long standing. Nicely and Dye showed 


recently that a solution of cesium in a methylamine-ethylamine mix- 
ture could be prepared which was stable for periods of weeks to months 
in the presence of excess metal and after some initial decomposition. 


(41) 


Blade and Hodgins studied the absorption spectra of 
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solutions of alkali and alkali earth metals in ammonia, methylamine 
and mixed solvent and showed that lithium, sodium, potassium and 
cesium are soluble in methylamine, while at least lithium and 
potassium are soluble in ethylamine. The solubility of lithium in 
methylamine was determined by Evers et ay (79) aS 3.20) d.edatom per 
litre of methylamine at -22.8°C. Bar-Eli and fireete es Success- 
fully dissolved potassium in propylamine and obtained a blue trans- 
parent solution. 

The use of 1,2-ethanediamine as the solvent for alkali 


(72) 


metals as suggested by Kraus has been very common because of its 


convenient boiling point and solvent effect. Fowles et 31663) 
State that sodium, lithium and potassium gave blue solutions in both 
1,2-ethanediamine and 1,2-propanediamine and the solutions of sodium 
and potassium in these amines decomposed over a period of 6-12 hours, 
while lithium solutions were stable only for 25-30 minutes. The 
rapid decomposition of the lithium solution may have been due to 


(65 66) studied the absorption 


impurities in the metal. Dye and Dewald 
spectra and conductivities of solutions of alkali metals in 
1,2-ethanediamine. In their study, the room temperature solubility 


of alkali metals in 1,2-ethanediamine are given in terms of mol. per 


titre of solvent as follows: lithium: 0.287, sodium: 2.39 x (One. 
potassium: 1.04 x or rubidium: 1.31 x 105°, asi Gig ele 
(68) (6273.74) 


Windwer and Sundhein summarized previous work 


and concluded that the properties of metal - amine solutions can be 
interpreted in terms of dynamic equilibria among various species; 


e (solvated electron), e, (solvated electron pair), M” (solvated 
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metal ion), M (metal atom, ion pair, “monomer"), M, (metal dimer), 
and M (higher polymers). Dye and Dewald 67) proposed three 
types of species to describe the nature of metal - amine solutions: 
(1) Solvated electrons similar to those in metal - 
ammonia solutions 
(2) covalent dimers similar to those existing in the 
gas phase for the alkali metals 
(3) combination of a solvated molecule ion, Mp with 
an electron trapped in the field of this ion. 
(6) Preparation and Solubility of Alkali Alkylamide 
Several ways of preparing alkali alkylamide have been dis- 
covered over the past 70 years and several patents have been issued 
to investigators (72+76»77 +7879 80) 
The earliest study of the preparation of alkali alkylamide 


(35) who observed the decomposition of cesium 


was conducted by Rengade 
solution in methylamine yielding hydrogen gas and cesium methylamide 


according to the following reaction. 


Cs°+ CHANH, “> CH 


3NH. NHCs + 1/2 H, (27) 


3 


(81) (36) 


Cesium ethylamide was likewise prepared Juza and Hillenbrand 
obtained lithium methylamide as a white powder precipitate from a 
solution of lithium in methylamine after keeping the solution for 
5-10 hours at temperatures of 50-60°C. They found the lithium 

methylamide to be slightly soluble in methylamine. Their attempts to 


prepare the sodium methylamide by the similar reaction gave a mixture 


of cyanide and amide. 
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Bar-Eli and Klein (2) prepared lithium methylamide and 
potassium ethylamide by the direct contact of alkali metal with amine 
employing ferric oxide as a catalyst. They gave the saturation con- 
centration of lithium methylamide as 0.01 mole per 1000 gms of the 
solution at -22°C. This value was determined from the plot of the 
rate of deuterium exchange between hydrogen and methylamine against 
catalyst concentration in the solution. They observed the fact that 
the rate of exchange became constant above the catalyst concentration 
of 0.01 mole per 1000 gms of solution and they interpreted this fact 
to be due to the saturation of the catalyst in the solution. No 
information was given about the saturation concentration of potassium 
ethylamide in ethylamine. Their attempts to prepare potassium 
methylamide by the same method was unsuccessful, thus they dissolved 
potassium amide in methylamine to prepare the potassium methylamide 


according to the following reaction. 


MNH, + RNH, 2 RNHM + NH 


2 2 (28) 


3 


where M and R are as previously defined. However, only a part of the 
potassium amide was converted to potassium methylamide. 


Limphreye bees 


was issued patents for discovering a method 
of alkali alkylamide preparation using equation (28). The evolved 
ammonia must be removed from the system to lead the reaction to com- 
pletion. Alkylamides prepared in this way were the sodium amides of 
ethylamine, iso-propylamine, n-butylamine, cyclohexylamine, and 


n-octylamine. The experimental conditions were given for the case of 


iso-propylamine and n-butylamine. Sodium iso-propylamide and sodium 
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n-butylamide were obtained by the continuous removal of ammonia for 
60-120 hours at temperatures of 50-100°C. 

Another method of making the alkali alkylamide consists of 
treating the amine with a compound such as phenyllithium in ether. 


Luthy et ai (82) obtained lithium methylamide by this method. 


CHNH, ~ CoHeLi = CHNHL1 th Cle (29) 


The phenyllithium was firstly prepared by adding bromobenzene drop- 
wise to an anhydrous ether in which freshly cut, thin slices of 
lithium were suspended. The resulting phenyllithium solution in 
ether was introduced to an ether solution of anhydrous methylamine. 
The lithium methylamide was formed with some heat evolution and 
formation of a creamy precipitate. Ziegler received a series of 


patents (79 »/6»78) 


for preparing alkali metal amide substituted by 
organic radicals by a similar method. Examples were shown for 
lithium amides of diethylamine, cyclohexylamine and ethylphenylamide. 


(80) 


The method presented by Ethyl Corporation utilizes the 
reaction of an alkali metal with an amine in the presence of a con- 
jugated polyene, i.e., butadiene. Sodium amides of 2-aminobutane and 
iso-propylamine can be prepared by this method. Slaugh and Ralay (83) 
Showed an example of alkali alkylamide obtained as a co-product of 
the reduction process. Potassium methylamide was obtained when 
aromatic compounds were reduced with alkali metals in amine solvent. 
The potassium methylamide obtained was separated as a white solid and 


subsequent analysis gave the purity as 95-100 percent. 


Rochard!9) prepared potassium amide of methylamine, 
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dimethylamine, and iso-propylamine in corresponding amines for their 
deuterium exchange study. They prepared potassium methylamide by a 
direct contact of potassium metal with methylamine. Ferrous chloride 
was employed as the catalyst and the reaction was complete in a period 
varying from several hours to a few days. They could not prepare the 
potassium amide of dimethylamine and iso-propylamine in the same way 
and utilized reaction (28) to prepare these amides. However, a certain 
quantity of potassium was found as KNH,, in spite of a large excess of 
amine. Therefore, they followed the following procedure repeatedly 

in order to achieve a complete transformation to the alkylamide. 

They distilled some dimethylamine on the solid potassium 
amide which was prepared in situ and the solution was agitated so that 
the catalyst was dissolved completely. Then the liquid phase was 
removed by distillation leaving the solid behind. The solid was 
redissolved in amine and the resulting solution was used for a 
deuterium exchange reaction with hydrogen gas. After each new distil- 
lation of amine in the reactor, they measured the reaction rate for 
the solution and assumed that all the amide was converted to dimethy1- 
amide when the reaction rate became constant. 

The maximum concentrations of catalyst they used were 
2.82 gm-K/1. solution for methylamine at -77.2°C and at -90.0°C, 

1.06 gm-K/1. solution for dimethylamine at -89.3°C, and 1.17 gm-K/1. 
solution for iso-propylamine at -59.6°C. 


wart (84) 


reported a study on the interaction of alkali 
metal amide with 1,2-ethanediamine. He prepared the potassium 


1,2-ethanediamide through a direct contact of potassium metal with 
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1,2-ethanediamine as well as by the interaction of potassium amide 
with 1,2-ethanediamine. They prepared a solution having a concentra- 
tion of 5 gm-K/1. solution and obtained a dark brownish solution. A 
deep blue solution of potassium metal in 1,2-ethanediamine was heated 
at 110°C for 72 hours before all the blue colour disappeared from the 
solution. 

Potassium methylamide was also prepared by the reaction of 


potassium hydride with methylamine \©>) . 


Methylamine was contacted with 
potassium hydride in a sealed tube and a clear yellow solution was 
obtained. The resulting solution was tested for infrared spectrum and 
the presence of cyanide was revealed. 
(7) Catalytic Species for the Exchange Reaction 

Potassium amide dissolved in liquid ammonia is a catalyst 
for the deuterium exchange reaction between hydrogen and liquid 


ammonia (20 287 288 89 590 91) 


Ne HD) ZI NHAZD +H 


3 gd + Ho (30) 


(88) 


Wilmarth and Dayton showed that the rate of exchange is first 


order with respect to the concentration of dissolved hydrogen and to 
the concentration of the amide ion. The potassium amide dissociates 


in liquid ammonia according to the following equation. 


+ 
K + NH, 


KNH (31) 


7 + 


(86) | who studied the same reaction for 


Bar-Eli and Klein 
catalyst concentrations as high as 200 millimoles per litre, indicated 


that, in addition to the amide ion, the undissociated potassium amide 
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also catalyzes the reaction although its catalytic activity is 20 
times lower than that of the amide ion. They reported the rate con- 


stant of equation (30) as follows. 


k = k, (NH, ] + k CKNH, ] (32) 
where k, = (2.18 + 0.17) x 10° ml. motz! minz! 
k (1.03 £0.10) x 10° 2! minz! 
ne ; a ty x ml. mol. min. 


(90) 


Dirian and coworkers reported the catalytic effect of 


the alkaline cation and established the following rate equation. 


k = k,[NH5] + k [NHS CK] (33) 


Delmas et a1 (6) (91) 


» however, concluded that the amide ion is the only 
catalytic species for the deuterium exchange reaction and expressed the 


rate of the reaction as follows. 
k = k, [NH, ] (34) 


Their experiments showed a linear relationship between k and amide 
ion for catalyst concentrations up to 500 millimoles per litre in the 
case of potassium amide. 
The uncertainties about the active catalyst species are 
mainly due to the lack of information on the dissociation constants 
of amides and the activity coefficients of ions in liquid ammonia. 
Different reaction mechanisms are also reported by different 
investigators. Wilmarth and Dayton (88) suggested that hydride ions 


were formed in liquid ammonia solution as a reaction intermediate. 
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Bar-Eli and Klein (86) denied this mechanism by showing that lithium 
hydride does not act as a catalyst in the exchange reaction. They 
developed a new mechanism for this reaction and their kinetic data 
can be explained well by the mechanism suggested. They believe that 
the free electron pair in the catalyst ion or ion pair initiates the 
exchange by stretching the D-H bond and by forming a N-D bond. The 
solvent molecule then supplies a hydrogen atom and the exchange is 


completed by the transfer of the charge as shown below. 


NH + HD > H:N:D:H 2 H:N:DHH:N:H 


2 
H H H 
Transition Intermediate (37) 
state complex 


Oe rene > n+ NHS + HyND 


> H 9 
H 


2 


Petes a believed that the exchange occurs between a HD 


molecule and the solvated NH. ion, through a four center mechanism, 


in the following way. 
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Bar-Eli and Klein first studied the isotopic exchange 
reaction between hydrogen and liquid aliphatic amines *2? Their 
study included methylamine catalyzed by lithium methylamide and 
sodium amide, ethylamine catalyzed by potassium ethylamide, and 
dimethylamine catalyzed by sodium amide. They found that the alkali 
metal alkylamide served as the catalyst much more effectively than 
alkali metal amide. They also reported that the existence of ammonia 
in these amines decreased the reaction rate markedly. The reaction 
mechanism suggested for hydrogen - amine systems is the same as was 
Shown by them for the hydrogen - ammonia system. Kenyon and Pepper 
(89) Showed in their study of hydrogen - ammonia exchange that 
addition of ethylamine, 1,2-ethanediamine and trimethylamine did not 
increase the rate significantly, while dimethylamine, pyrrolidine 
and diethylamine enhanced the rate of exchange. 

Rochard<2/ studied the exchange reaction between hydrogen 
and methylamine, iso-propylamine and diethylamine catalyzed by the 
corresponding potassium alkylamides. They also observed higher rates 
of exchange with these amines than with ammonia. The presence of 
ammonia in these amines was studied and they found that 1% ammonia 
decreased the rate of reaction in diethylamine by a factor of 10 and 
0.3% ammonia decreased the rate in iso-propylamine by a factor of 9. 
They support the four center mechanism for the hydrogen - amine 


(91) 


system as was suggested by Delmas for the hydrogen - ammonia 


exchange reaction. 
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CHAPTER 3 


EXPERIMENTAL PROGRAM 


A. Equipment 

The experimental program was confined to a study of the pre- 
paration and solubility of potassium amides of methylamine, ethylamine, 
n-propylamine, 1,2-ethanediamine and 1,2-propanediamine. Particular 
emphasis was given to studies of the solubility of potassium methy] 
amide (PMA) in methylamine and potassium ethylamide (PEA) in ethylamine. 
A few measurements were made for the solubility of hydrogen in solu- 
tions of PMA in methylamine. 

Two equipment set-ups were employed for these studies. The 
first was essentially of all glass construction and was used for 
Studies at temperatures where the vapour pressure of the amine was 
less than one atmosphere. The second included a stainless steel 
reaction vessel and was used for determinations of the solubility of 
PMA in methylamine under conditions where the system pressure exceeded 
one atmosphere and for determinations of hydrogen solubility in the 
amide solution. Each set-up included provision for amine purification, 
amide preparation and for sampling of the amide solutions. 

(1) Low Pressure Equipment 

Figure 2 is a schematic of the equipment used for studies at 
low pressures. The amine purification vessels A and B were constructed 
from pyrex glass and had capacities of approximately 500 ml. and 600 
ml., respectively. Vessel A was filled with type 4A molecular sieves 


which were used to remove water from amines which exist as liquids at 


~eig, anit Yo ybuse 6 0} benftne> 2sw msrg07q [sdnemiveqxe ott et le 
2 onitms fyits c Sng fyaom to 2ebims, muteestog to ye ifduloe bine notteraq 7 
Teliotdye4 .ontmetbensqoxq-S)f brs ontmsibenerde-S,{ .entmstygorqem =~ 
Fyitem muizestog Yo ytiftdufoe sit to eatbute of aavip eBK ztesqms " 
siting tyre nt (A349) sing iytts mut 22stog bns sntnis lyse mt (AMM) shims . 
woz ar nap to yl tdufoe sais ot sbsin o1Sw et nsmotu2s9m wat A 
.onfnisfyttem of AMT to enott 
| .estbute. dia “oF bevot ne S19W equ-sse Inemgiups owt 
vot beeu 2ew brs notdau7Setio9 2eefo [fs to vifetinsees 2sw tert? 9 
oT) ontms snd to siee2atg Wwogsy asf, stew enitsieqmet ts estbuse 
feste 2eatntete 6 bsbulont -baods2 ‘aT -SYSigzomds sno neds 2eel 
to Wil tdutoe edd to enofssntwistsb yo? beev 2ew bas fse2ev notiossy ; ) 
— bsbeeaxe syu2esrg masaye anid svedw ahott tbno> Yebay: anime fyddom nt ANS on 
83 nt YSN tdufoe nspoibyd to 2notisntmredseb- voters: sisnqzomts 9no i } 
OR snims tot notetvorg babulont qu-te2 1383 nor guloe sb fms F zi 
s prenna toe shims sit to ertignse yot bs no ttetsqsrq sbtms 7 
—— tnsmgtupa eweesyd wol (fF) a 7: ! 
| ts safinita Tot beay. dnsngiups ent to ‘dttsmarive B. aS Sais | ~ 
bedaurseno2 avaw d bas A efezeev not tea rtinug enti 
903 bis .fm 002 “lotemtxorggs. to zetdtonqen bed bis. 2e6 ip 
aerate saluooton AS eqys fiw bertit 26w A fozesy _ page 
ts eecul +26, tine: dotiw 2onimis ag ‘Tetbu ovomay 09 b shied : 


i ~ 
~ 40) 
heals a 


im 
~ 


38 


WNI13H 


J 


WNNIVA 


INAWdINDT JNNSSIYd MOT 40 ONIMVYC IILYW3HIS 


Am¢ 


if 
( ZS 


cw 


J 
OLS 
| 
8S 


INV1OOD 


9S 


°Z aunbL4 


G) 
SS 


LW 


(|) 


—> 
rs LN3A 


SE) 


WNAIVA 


(j(—<—— 
€S INIWV 


THAMGIUNS.3AUZZIAT WO 0 AMIWARG ITAMANOZ 


C-. 


Taew 


iT 
} 
H 
} 


AaB: 


Hee: 


M1 M2: 
Shes ik 


Symbols for Figure 2 


Amine Purification Vessels 
Reaction Vessel 

Condenser 

Gas Sampling Unit 
Cartesian Manostat 

Recycle Pump 

Low Temperature Bath 
Liquid Nitrogen Trap 
Manometer 


High Vacuum Stop Cocks 
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room temperatures. The amines were contacted with lithium in vessel 
B and then transferred to the reaction vessel C using simple flash 
distillation. The double jacketed condenser was employed to condense 
the amine distilled from the purification vessels and to condense 
amine vapour generated during the preparation of amide solutions. 
Trichloroethylene was used as a coolant and it was cooled by passing 
it through a coil immersed in a dry ice - propanol bath (H). The 
recycle pump G was an Eastern 316 s.s. Type 103 centrifugal pump and 
it has given very satisfactory service. 

The reaction vessel was also constructed from pyrex glass 
and had a volume of approximately 200 ml. Graduations on the wall 
permitted the volume of amine charged to be known with an accuracy 
of + 3 ml. A glass coated magnetic stirrer was placed in the reactor 
and was used to provide mixing of the contents. The temperature of 
the reaction vessel was controlled by a low temperature bath which 
contained a mixture of n-propanol and dry ice. 

The unit used for sampling the liquid phase is shown in 
Figure 3. It was constructed from pyrex glass and included a 10-20 yu 
sintered glass filter, a transferring tube and a graduated sampling 
bottle. Gas samples could be collected in vessel E (Figure 2). 

Since alkali metals and alkali metal amides are very sensi- 
tive to moisture and oxygen in the air, all experiments were carried 
out in an atmosphere of dry helium. The helium was purified by con- 
tacting it with silica gel and copper shavings heated to 250°C. 

The system was connected to a Welch Duoseal mechanical 


vacuum pump and a Cartesian manostat was employed to regulate the 
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Figure 3. REACTION VESSEL AND SAMPLING UNIT OF LOW PRESSURE EQUIPMENT 
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system pressure. 

Glass, stainless steel tubing and polyethylene tubing were 
used for transfer lines. Dow Corning high vacuum grease was used to 
lubricate the stopcocks and all $ glass joints. 

(2) High Pressure Equipment 

The equipment used for measurements at higher pressures is 
shown schematically in Figure 4. Methylamine was first dried by con- 
tacting it with lithium metal in vessel A and then distilled into the 
reaction vessel. The reaction vessel was similar to the stainless 


steel solubility cell used by Moore ‘22) 


for hydrogen solubility 
studies. It had a capacity of approximately 400 ml. and was equipped 
with a magnetically coupled stirrer. Openings were provided on the 
top flange for the introduction of amine and for potassium metal. 

Liquid samples were removed through an opening in the 
bottom and the temperature of the solution in the reaction vessel was 
measured with a 1/16 inch stainless steel sheathed copper-constantan 
thermocouple which is sealed into the bottom of the reaction vessel 
by means of a Swagelok thermocouple connector. A reaction vessel 
which was constructed from a Q.V.F. pipe section could also be sub- 
stituted for the stainless steel reactor. This could be used for 
pressures up to 35 p.s.i.g. and allowed observation of the reactor 
contents. It was used for some of the early runs. 

The temperature of the reaction vessel was controlled by 
immersing it in a constant temperature bath. A Tecumseh refrigera- 


tion unit along with n-propanol as a heat transfer media was employed 


when sub-zero temperatures were required and a Haake temperature 
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Symbols for Figure 4 


A: Amine Purification Vessel 
B: Overflow Vessel 
Ce Reaction Vessel 
D: Constant Temperature Bath 
Ee Electric Motor for Stirrer 
Fe Micron Filter 
Gila Marsh Pressure Gauge 
G2: Heise Pressure Gauge 
H: Condenser 
Fe Opening for Potassium Metal 
J: Sampling Bomb 
K: Expansion Chamber 
M1 M2: Manometer 
SleS24 High Vacuum Stop Cock 
Vie Hoke Vee Stem Valve with 1/8 inch, NPT female 
V2 ,V3 
V5).N0: Whitey KEL-F Tip Stem Valve with 1/4 inch, Swagelok 
V10-V14 
V4: Hoke Vee Stem Valve with 1/8 inch, NPT male 


V7-V9: Whitey Ball Valve with 1/4 inch, Swagelok 
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control unit Type FS was used for temperatures greater than 0°C. 

Pressures were measured with a Heise gauge which had a range 
of 0 p.s.i.g. to 250 p.s.i.g. All internal parts of the gauge were 
316 stainless steel. 

The sampling system included a Hoke 10-15 micron sintered 
Stainless filter, a removable sample bomb consisting of two vessels 
K and J and an overflow chamber B. This set-up allowed samples to be 
removed at constant pressure. Vessel J had a volume of approximately 
10 ml. and was connected to the filter through two Whitey 4354 ball 
valves. Vessel K had a volume of approximately 3 ml. and was used as 
an expansion volume when warming a cold amine sample. Vessels K and 
J were connected by a 1/8 inch Hoke miniature forged needle valve. 

The overflow chamber had a volume of approximately 400 ml. 
and was constructed from a Q.V.F. glass pipe section and stainless 


steel flanges. 


B. Experimental Procedure 

(1) Purification of Amines 

Ammonia, methylamine and ethylamine which are normally 
gases at room temperature were purified in the following way. The 
amine was distilled from a supplied cylinder into a vessel which con- 
tained small pieces of freshly cut lithium metal and which was 
immersed in a dry ice - propanol bath. The lithium readily dissolved 
in the amines at -78°C to form dark blue solutions and any water 
reacted with dissolved lithium to form lithium hydroxide. The solu- 


tions were kept at -78°C for at least five hours. An initial fraction 
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of the amine was then released to the vent and a middle fraction 
distilled into the reaction vessel. 

Amines such as propylamine, 1,2-ethanediamine and 
1,2-propanediamine, which are liquids at room temperature were ini- 
tially dried by contacting them with type 4A molecular sieves which 
had been conditioned by heating for 24 hours under vacuum at 200°C. 
The amines were contacted with the sieves for at least ten hours and 
then transferred to the distilling flask where they were contacted 
with lithium metal. 

(2) Preparation of Amide Solutions 

Potassium metal was cut into small pieces under mineral oil 

and then washed with water-free n-pentane. A known amount was then 
introduced to the reaction vessel while purging with dry helium. 
The reactor was then evacuated to remove pentane from the surface of 
the potassium which was generally a bright silvery colour. For most 
runs, a small amount of ferric oxide was also placed in the reactor 
to promote the formation of amide. 

The desired amount of amine was then distilled into the 
reaction vessel and was always clear and colourless at this stage. 
Generally, the amine - potassium mixture in the reaction vessel was 
then allowed to warm to its boiling point and the reaction to form 
amide followed. Amine vapour generated during the reaction was con- 
densed and returned to the reaction vessel and any pressure increase 
due to the generation of hydrogen was controlled by the manostat. 
The system pressure was maintained slightly above atmospheric pres- 


sure. 
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(3) Sampling - Low Pressure Equipment 

When the reaction was complete, the sampling unit, shown in 
Figure 3, was attached to the reaction vessel while purging with 
helium. Then both the sampling unit and the reaction vessel were 
immersed in the low temperature bath and when temperature equilibrium 
had been achieved a portion of the solution in the reaction vessel 
was transferred into the sampling bottle through the sintered glass 
filter by applying a helium pressure of about 6 inches of mercury. 
Two different sets of sampling bottles were prepared and they were 
interchangeably used according to the concentration of potassium in 
amines. Maximum sample sizes were 5 ml. and 12 ml. A new sampling 
bottle could readily be attached while flushing with helium. 

(4) Sampling - High Pressure Equipment 

The following procedure was employed when removing samples 
from the stainless steel reactor. 

(i) The sample bomb unit which included vessels K 
and J and valves V3, V4, V6 and V7 was evacu- 
ated and weighed. 

(ii) The unit was placed in position as shown in 
Figure 4 and the system from V2 to V8 was 
evacuated through V3. 

(iii) Valve V4 was closed and helium gas was intro- 
duced through V2 until the pressure was 3-5 
p.S.i. lower than the pressure in the reaction 
vessel. 


(iv) Sample bomb J and the line to vessel B were 
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cooled by surrounding them with dry ice. 

(v) Valve V8 was opened and the solution in the 
reaction vessel was slowly pushed into the 
sample bomb J through the filter. 

(vi) As soon as the solution was observed coming 
into the overflow vessel B, V6 and V7 were 
closed and a liquid sample was obtained in 
Sample bomb J. 

(vii) Valve V4 was opened to allow the liquid sample 
in J to expand into bomb K. 

(viii) Valve V5 and V8 were closed and the sample 
bomb unit was removed and weighed. The amount 
of sample obtained was determined by the 
difference in weight of the sample bomb unit 
before and after sampling. 

(ix) Procedures (i) to (viii) were repeated for 
another sample. 

(5) Analysis 

The liquid samples were hydrolyzed by contacting them with 
distilled water in an Erlenmeyer flask. The resulting solution was 
taken to dryness and resulting solid which was assumed to be potassium 
hydroxide was redissolved in distilled water. The amount of potassium 
in the sample was determined with atomic absorption spectrophotometry. 
The instrument used was a Perkin Elmer Model 290B and the potassium 
lamp was an Intensitron Lamp #566-M which was also supplied by Perkin 


Elmer. 
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Additional details on sample preparation and operating pro- 
cedures for the atomic absorption spectrophotometer are given in 
Appendix A. 

(6) Measurement of Hydrogen Solubility in Amide Solutions 

The experimental apparatus used for this study was the one 
constructed for measurement of PMA solubility in methylamine at 
higher pressures. The sampling unit was modified such that the solu- 
tion saturated by both hydrogen and amide was removed into an evacu- 
ated bomb. The amount of hydrogen dissolved in a known amount of 
Sample solution was determined by using the Hydrogen Volumetric 


Apparatus which was constructed by Moore '22) , 


C. Materials 
The materials used in this study along with their supplier 
are listed in Table 4. The purities and major impurities for each 


amine are also tabulated. 
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CHAPTER 4 
EXPERIMENTAL RESULTS 


A. Solubility of Potassium Methylamide in Methylamine 

Solutions of PMA in methylamine were prepared by contacting 
metallic potassium with liquid methylamine in the presence of a small 
amount of ferric oxide. The potassium dissolves in the amine even at 
-78°C to form a deep blue solution. The rate of solution is slow and 
increases as the temperature is increased. The dissolved potassium 
Subsequently reacts according to the following reaction to form the 


amide. 


K+ CH.NH, > CHAoNHK + 2 


gNHo 3 7H 


: (39) 


The rate of reaction is also temperature dependent and is negligible 
at temperatures below -60°C. Most solutions were prepared at the 
normal boiling point of the amine, i.e. at approximately -6°C. The 
evolution of hydrogen is an indication that the reaction is proceed- 
ing and as the reaction progresses the colour of the solution changes 
from deep blue to a pale yellow. The yellow colour was more intense 
at higher temperature and the solution was almost colourless at -78°C. 
The time required to complete the reaction also depended on 
the amount of ferric oxide catalyst employed. Approximately 10 
milligrams was generally used when dissolving four to five grams of 
potassium in 150 ml. of methylamine and the reaction time varied from 
seven to fifteen hours. The ferric oxide which is reddish brown often 
turned black during the reaction. This may be due to a reduction to 


the ferrous oxide. 
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Amide precipitated from tie solution as a white solid and 
also tended to accumulate on the walls of the reaction vessel above 
the liquid interface. Crystals of the amide tended to form on the 
wall of the reaction vessel at the liquid interface even at condi- 
tions when solid was not precipitated in the bulk of the solution and 
an interesting phenomena was observed in that crystals which formed 
on the walls at higher temperatures redissolved when the solution was 
cooled. 

The amide which precipitated from solution during reaction 
at -6°C appeared as a fine white solid. The amount of solid decreased 
on cooling to -78°C thus indicating an inverse solubility. When a 
solution at -78°C was reheated, solid would precipitate from solution. 
A flocculent solid was often observed under these conditions and for 
some runs white needlelike crystals, 3-5 mm. long, were formed. 

These crystals would disappear when the solution was again cooled to 
-78°C. 

Figure 5 is a picture of the amide solution in the low pres- 
sure reaction vessel at -78°C. Solid amide is present in the bottom 
of the reactor and a ring of amide crystals can be seen just above 
the liquid interface. Figure 6 and Figure 7 show amide solutions in 
the high pressure system when the Q.V.F. reactor was used. The first 
picture shows the blue solution present in the early stage of reaction 
and the second the amide solution. The solution is cloudy because of 
the presence of a large amount of solid amide and most of the colour 
is due to the ferric oxide catalyst. 


Saturated solutions were sampled using the procedures 
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Figure 5. COLOUR PHOTOGRAPH OF POTASSIUM METHYLAMIDE IN 
METHYLAMINE AT -78°C 


Figure 6. COLOUR PHOTOGRAPH OF POTASSIUM METHYLAMIDE IN 
METHYLAMINE AT -40°C 


Figure 7. COLOUR PHOTOGRAPH OF POTASSIUM METHYLAMIDE IN 
METHYLAMINE AT -20°C 
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described in Section 3-B-(3) and 3-B-(4), and then analyzed using 
atomic absorption spectrophotometry. 

The effect of temperature over the range of -78°C to 40°C 
on the solubility given as gm-K/kgm-amine is shown in Figures 8 and 
9, and the measured values along with pertinent observations are 
listed in Tables 5 and 6. 

Solubility data obtained with the low pressure equipment 
were actually determined in terms of "gram-potassium per litre solu- 
tion". This unit was changed to "gram-potassium per kilogram amine" 
using the methylamine density data which is given in Appendix B. 

In doing so, it was assumed that there was no volume change on 
solution of PMA in methylamine since no density data on PMA-methy1- 
amine solution was available. Data obtained with the high pressure 
equipment were given in terms of "gram potassium per kilogram solu- 
tion" and this was converted into "gram potassium per kilogram amine" 


assuming that potassium existed as CHANHK. 


B. Solubility of Potassium Ethylamide in Ethylamine 

Several attempts were made to dissolve potassium in ethyl- 
amine by contacting water-free ethylamine with small pieces of 
potassium. Although a slight blue colour was present on the metal 
surface, no significant dissolution or reaction occurred. The 
following procedure was employed to obtain a relatively rapid dis- 
solution of potassium in ethylamine. 

(i) Pieces of potassium metal were dissolved in ammonia 
which had been dried by contacting with lithium metal. Potassium 


readily dissolved in ammonia to give a deep blue solution. 
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Figure 9. 
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TABLE 5 
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Solubility of Potassium Methylamide in Methylamine 
(Low Pressure Equipment) 


Temp. 


(°C 
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Observation, 
Comment 


No solid was pre- 
sent at -78°C but 
some at -20°C 


Some solid was 
present at -78°C 


A large amount of 
solid was present 


Amount of solid was 
smal] 


A fair amount of 
solid was present 


A small amount of 
solid was present 


A large amount of 
solid was present 


Amount of solid 
increased markedly 
when warmed from 
-78°C to -40°C 


No noticeable 
change when warmed 
from -40°C to -20°C 


A fair amount of 
solid was present 


A large amount of 
solid was present 
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TABLE 6 


Solubility of Potassium Methylamide in Methylamine 
(High Pressure Equipment) 


Run Temp. (°C) Measured Conc. 
(gm-K/kgm-amine ) 
10-N 0 ZO 
24.5 
-78 lee 
eh, | 28.0 
ake, If 
11-N 40.0 CENT 


Zh 


99 


(ii) The ammonia was removed by evaporation to leave a thin 
film of potassium on the walls of the reaction vessel. 

(iii) Approximately 10 milligrams of ferric oxide was 
added and then ethylamine was distilled into the reaction vessel. 

This potassium readily dissolved in the ethylamine even at 
-78°C to form a deep blue solution. The reaction to form potassium 


ethylamide 


+ CoHNHK + 2H 


K + CoH_NH, oH aH, (40) 


(ch £2) 


occurred at higher temperatures and the rate of reaction was dependent 
on the amount of catalyst present. The reaction was generally carried 
out at 14.5°C and was complete in a time varying from ten to twenty 
hours. As shown in Figure 10, the solution was blue in the early 
Stages of the reaction and then it turned green as the reaction pro- 
ceeded. A clear, pale yellow solution resulted when the reaction was 
complete. Generally 5-6 grams of potassium was reacted with 180 ml. 
of ethylamine. 

In each run, no solid PEA was observed in the solution at 
its boiling point because of the large solubility at this temperature. 
The ferric oxide was again reduced to ferrous oxide and remained on 
the bottom of the reaction vessel as seen in Figure 1]. Figures 11, 
12 and 13 are colour pictures of a PEA in ethylamine solution contain- 
ing 90.0 gm-K/kgm-amine taken at temperatures -40°C, -50°C and -60°C, 
respectively. No solid was observed in the solution at -40°C, 
however, white solid precipitated at -50°C and the amount increased 


as the temperature decreased. Figure 13 is the same solution at -60°C. 
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Figure 10. COLOUR PHOTOGRAPH OF Figure 11. COLOUR PHOTOGRAPH OF 
POTASSIUM ETHYLAMIDE POTASSIUM ETHYLAMIDE 
IN ETHYLAMINE IN ETHYLAMINE AT -40°C 


Figure 12. COLOUR PHOTOGRAPH OF Figure 13. COLOUR PHOTOGRAPH OF 
POTASSIUM ETHYLAMIDE POTASSIUM ETHYLAMIDE 
IN ETHYLAMINE AT -50°C IN ETHYLAMINE AT -60°C 
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The solid disappeared when the solution returned to -40°C. 

Samples of the solution were removed through a 10-20 u 
Sintered glass filter and subsequently analyzed using atomic absorp- 
tion spectrophotometry. The results obtained are given in Table 7. 
The maximum concentrations in the reaction vessel were those expected 
if no solid were present. The measured concentrations are not con- 
Sistent with the values expected from material balance considerations 
or with observations of the change with temperature of the amount of 
white solid that had precipitated. 

Solubility data were actually determined in terms of "gram 
potassium per litre solution" and this unit was changed into "gram 
potassium per kilogram amine" making the same assumption as was made 
for PMA - methylamine solution. The density data for ethylamine is 


Shown in Appendix C. 


C. N-Propylamine - Potassium 

No apparent change took place when n-propylamine was con- 
tacted with pieces of potassium metal at room temperature for twelve 
hours. However, when the procedure described for the preparation of 
ethylamide was folilowed,slow dissolution and reaction of the potassium 
with the n-propylamine occurred. The rate of solution at room tempera- 
ture was very slow and a blue colour was barely detectable. However, 
the metal was gradually consumed, hydrogen gas was released and the 
solution changed from clear and colourless to a clear, yellow-brown. 
The ferric oxide catalyst turned black with time. 

The solution was sampled after 30 hours and analyzed and 


the resulting potassium concentrations are reported in Table 8. All 
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TABLE 7 


Solubility of Potassium Ethylamide in Ethylamine 


Approx. Max. 
Conc. in the Observation, 
Run Temp. Measured Conc. Reaction Vessel Comment 
(°C) __(gm-K/kgm-amine) _(gm-K/kgm-amine) 
10 -78 (oe ee 38 Some amount of 
24.4 solid was present. 
-25 25°.0 33 No solid was 
Zon U, present. 
-78 (AS ee 33 Some amount of 
solid was present. 
1] -78 251 50 A fair amount of 
20.0 solid was present. 
-/8 655.0 95 A large amount of 
solid was present. 
(4 -78 44.2 54 A large amount of 
44.6 solid was present. 
-40 51.0 70 A small amount of 
GUn| solid was present. 
-78 62.8 70 A large amount of 
solid was present. 
-15 Caao 90 Volume of sample 
was small. 
14 -78 44.4 50 A large amount of 
42.8 solid was present. 
-45 42.8 50 The amount of solid 
46.6 was much less than 
ab s/o. 
-15 45.6 50 No solid was present. 
44.8 
-78 49.6 50 A large amount of 


Solid was present. 
Sample volume was 
small. 
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Table 7 (cont'd) 


Approx. Max 
Conc. in the Observation, 
Run Temp. Measured Conc. Reaction Vessel Comment 
(°C) _(gm-K/kgm-amine) _(gm-K/kgm-amine) 
15 -78 el ate 76 A fair amount of 
Byes solid was present. 
-78 fawn 76 A fair amount of 
54.2 solid was present. 
-50 520 76 No solid was 
present. 
16 -78 42.0 56 A large amount of 
42.0 solid was present. 
-78 59.6 81 A large amount of 
solid was present. 
-78 60.1 8] Solid disappeared 
61.4 upon heating to 
-40°C. 
-55 GUEY 8] A small amount of 
60.8 solid was present. 
-5 Osc 81 No solid was 
64.3 present. 

18 -38 78.0 90 The solution was 
not clear because 
of some precipi- 
tate. 

-43 76.4 90 A small amount of 
solid was present. 
Saturation temp. 
=30 GS =40°C. 

19 -78 48.8 13 A large amount of 
solid was present. 

-63 Sia 90 A large amount of 
solid was present. 

=o Sian 90 Some solid was 
present. 

-40 - 90 Very small amount 


of solid was 
present. 


Table 7 (cont'd) 


Run 


20 


Temp. 
(°C) 
-78 
-25 
-25 


a8) 


=u 


-48 


-45 


-74 


Measured Conc. 
(gm-K/kgm-amine) 


54, 
Mee 


66. 
66. 


64. 
64. 


Ose 
64. 


Wh 
Tey 


Zr: 
ZOR 


20. 
Zo. 


42. 
44, 


44. 
47. 
GO). 
34. 


38. 
30% 


So 
S0e 


© Pm 


Ow WOO WA 


NO MO ~sJ— 


64 


Approx. Max 

Conc. in the Observation, 
Reaction Vessel Comment 
(qgm-K/kgm-amine 


90 A large amount of 
solid was present. 

90 No solid was 
present. 

90 No solid was 
present. 

90 A fair amount of 


solid was present. 


90 A large amount of 
solid was present. 


25 A trace of solid 
was present. 
Solution was clear. 


38 A trace of solid 
was present. 
Solution was clear. 


38 A fair amount of 
solid was present. 


52 A fair amount of 
solid was present. 


52 A fair amount of 
solid was present. 

- Only a trace of 
solid was present. 


- A large amount of 
solid was present. 


- Some solid was 
present. 
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Solubility of Potassium N-Propylamide in N-Propylamine 


Temp. (°C) Measured Conc. 
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the potassium had not reacted at this stage and no solid had precipi- 
tated from the solution. Atomic absorption spectrophotometry was 


used for analysis. 


D. 1,2-Propanediamine - Potassium 

Potassium dissolved in 1,2-propanediamine to form intense 
blue solutions. However, appreciable reaction to form what was 
assumed to be the amide only occurred after the addition of ferric 
oxide catalyst. For one run, the diamine was contacted with potassium 
in the absence of ferric oxide at room temperature for six days and 
the solution remained blue and only a small amount of hydrogen evolved. 
However, when a few milligrams of ferric oxide were introduced, 
reaction proceeded quite rapidly. 

An interesting colour phenomena was observed during the 
early stages of several runs. The blue colour of the solution, which 
was formed as soon as dry amine was introduced, suddenly disappeared 
after approximately two hours to give a clear colourless solution with 
blue colour only present near the metal surface. Then, after about 
15 minutes the solution regained the intense blue colour which remained 
until amide formed. 

As amide was formed, the colour of the solution gradually 
turned to a dark reddish brown colour and small particles were observed 
in the solution. After the reaction appeared to be complete, the 
magnetic stirrer was stopped. The solution became very viscous and 
the pressure of the system increased as time progressed. No metal 
remained in the solution thus suggesting further reaction and probable 


decomposition or conversion of the amide to some other product. 
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Stirring or cooling the solution appeared to reduce the viscosity. The 
blue solution and the reddish brown solution described above are shown 
in Figure 14 and Figure 15, respectively. 

Samples were removed through a 10-20 uy glass filter. The 
sample solutions were reddish brown and no solid was observed in them. 
Samples were hydrolyzed by adding distilled water and then vacuum dried. 
A white solid having a slight brown tinge remained. Analysis using 
atomic absorption spectrophotometry gave the results reported in Table 
9. The concentrations are proportional to the amount of potassium 
added and no conclusions could be made as to the saturation solubility 


of the amide. 


E. 1,2-Ethanediamine - Potassium 

Potassium readily dissolved in 1,2-ethanediamine to form a 
blue solution. The reaction to form what was assumed to be amide 
proceeded in the absence of ferric oxide at room temperature and the 
solution slowly turned yellow then reddish brown as the reaction pro- 
gressed. Many small reddish-brown particles were observed and the 
solution behaved in the same way as the 1,2-propanediamine potassium 
solution in that it became more viscous as time progressed. 

Two samples were removed through a 10-20 u filter, 
hydrolyzed and then dried under vacuum. A white flaky solid contain- 
ing a large amount of brown solid was obtained. Subsequent analysis 
for potassium gave concentrations of 39 gm-K/1. solution and 43 


gm-K/1. solution at 21.7°C. 
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Figure 14. 


Figure 15. 


COLOUR PHOTOGRAPH OF POTASSIUM 1 ,2-PROPANEDIAMIDE 
IN 1,2-PROPANEDIAMINE AT ROOM TEMPERATURE 


COLOUR PHOTOGRAPH OF POTASSIUM 1,2-PROPANEDIAMIDE 
IN 1,2-PROPANEDIAMINE AT ROOM TEMPERATURE 
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TABLE 9 


Solubility of Potassium 1,2-Propanediamide in 1,2-Propanediamine 


Run Temp. (°C) Measured Conc. 
(qm-K/1. sol'n 
4 22R0 baa 
53.1 
5 21.6 45.4 
47.8 
6 23.0 7Oe 7, 


705.9 


69 


a | © JJ8AT 


ontms thsnsqois-S, | ni -ob ims tbaneqovs-S.f muieessod to ys i ftdu foe 


_ 49n0D betwessM (3°) sqmstT rsh 

(a'fo2 .f\i-mp) 

. — 
d.fe O.S4 h 
le 
hap x18 2 
Oo vt 
we IF 
1. OF OES a 

a! 
q pis - 


70 


F. Solubility of Hydrogen in Solutions of Potassium Methylamide in 
Methylamine 
The results of measurements of the solubility of hydrogen 
in solutions of PMA in methylamine are given in Table 10. The mole 
fractions were calculated on an amide-free basis and the Henry's law 


coefficient is defined by 
P = xH (41) 


where P is the partial pressure of hydrogen in atmospheres and x is 
the mole fraction (amide free) of hydrogen in the liquid phase. 
The amide concentrations used and the average values of 


Henry's law coefficients are shown in Table 11. 


G. Reaction of Lithium Metal with Aliphatic Amines 

Lithium metal was only used for drying amines and no 
quantitative study was conducted. Lithium metal readily dissolved in 
methylamine, ethylamine, 1,2-propanediamine and 1,2-ethanediamine, 
however, the rate of solution in n-propylamine was slow. eee. 
studied the solubility and reaction of lithium metal with the follow- 
ing amines: methylamine, n-propylamine, 1,2-propanediamine and 
1,3-propanediamine. He reported that lithium metal pieces dissolved 
in all the amines studied forming deep blue solutions except in 
n-propylamine. Lithium metal film prepared from lithium - ammonia 
solution was successfully dissolved in n-propylamine yielding a blue 
solution. Formation of amides in the corresponding amines was also 


reported and solubility values were determined. Lithium amide 


solutions were found to be very sensitive to air and solutions turned 
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TABLE 11 


Henry's Law Coefficient for Hydrogen in Solutions 
of Potassium Methylamide in Methylamine 


Temp. Total Pressure Amide Conc. Have, 
(SC) (atm. ) : (gm-K/kgm-amine) (atm. ) 
4 | 8 12 5987 

4 11 22 5638 


-40 = 11 = 26 7846 
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yellow or brown on exposure to air. 

Lithium metal was very soluble in ethylamine and formed a 
deep blue solution which turned to a yellow then to a gray solution 
after long standing. Gas generation was observed which probably 
indicated the formation of lithium ethylamide. Evaporation of amine 
left a white solid and this white solid turned brown on exposure to 
air. The reaction of lithium with 1,2-ethanediamine to form amide 
occurred with a significant generation of heat. The resulting solu- 
tion was gray and a large amount of gray solid was usually present in 
the solution. The gray solid observed in lithium amide solution of 
n-propylamine and 1,2-ethanediamine have probably come from the 
lithium hydroxide formed by the reaction of lithium with water in 
those amines. 

Lithium alkylamides were generally less reactive than the 
corresponding alkylamides of potassium. Lithium methylamide may be 
the only alkylamide which can give a hazardous condition on exposure 
to air and especially to water. The reactivity of lithium alkylamide 
decreases with length of carbon chain in the amine. Lithium amide 
of ethylamine or higher amines can easily be destroyed by introducing 


water into the containing vessel. 
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CHAPTER 5 
DISCUSSION 


A. Potassium Methylamide in Methylamine 

The effect of temperature on the solubility of PMA in 
methylamine is surprising in that the solubility decreases slightly 
with temperature over the range -78°C to +40°C. The effect is 
unexpected particularly since the solubility of potassium amide 
in ammonia increases markedly with an increase in temperature. 

The observed dependency on temperature indicates that the 
heat of solution of PMA in methylamine is negative, i.e. the solution 
process is exothermic. An approximate value of the heat of solution 
can be obtained by using the following form of the Gibbs-Helmholtz 
equation. 


d In Xo 
AH = -R mde ane (42) 


where Xo is the mole fraction of solute, R is the gas constant and 
T is the absolute temperature. The value of AH is estimated to be 
-0.46 k cal/gm-mole. The heat of solution of potassium amide in 


(582) foaeiors kb cals 


ammonia was estimated by Moreau and Lepoutre 
gm-mole. 

iehine oe also investigated the solubility of PMA in methyl- 
amine and reported the saturation solubility at -78°C as 23.5 to 26.4 
gm-K/kgm-amine. These values are lower than those obtained in this 


study and the difference is no doubt due to the method of analysis 


used. The method employed by Ishige was to evaporate sample solutions 
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to dryness, hydrolyze with distilled water and then to titrate with 
0.5 N HCl using phenolphthaleine as indicator. This method was 
initially used by the present author and it gave results which were 
not reproducible and material balance checks showed the results to 
be low. Atomic absorption spectrophotometry was subsequently used 
to analyze the solutions resulting from hydrolysis of the amide 
solutions. This method gave satisfactory material balance checks. 
Later work showed that titration with HCl could be employed to give 
a correct analysis only if the sample solution was hydrolyzed in 
the absence of air with oxygen free water. Conditions during the 
hydrolysis procedure were obviously such that potassium compounds 
other than KOH could be formed. 

Problems were also encountered in obtaining representative 
samples of amide solution when using the high pressure equipment. 
Samples were initially removed by passing the solution across a 
sintered stainless steel filter into an evacuated sample bomb. The 
flashing of the sample across the filter caused solid to precipitate 
from solution and this resulted in low values. 

Initial runs for the high pressure equipment were made 
using a "Q.V.F." glass pipe section as the reactor. A teflon 
crescent ring was used in sealing the bottom flange to the reactor 
and this ring was badly attacked by the PMA solution to give a con- 
siderable amount of black powder in the solution. Neoprene rubber 
was inert to the amide solution. 

Dry PMA = very reactive and spontaneously ignites when 


exposed to air. The solution of PMA in methylamine is also very 
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sensitive to air and traces of impurities appear to increase the 
yellow colour of the solution. Care must be taken to remove all 
impurities such as CO. s 05 and HA0 if reliable results are to be 
obtained. 

The remaining solution after each run was evaporated leav- 
ing solid PMA behind. This solid PMA was decomposed by introducing 


amylalcohol in the reactor without giving any hazardous conditions. 


B. Potassium Ethylamide in Ethylamine 

The solution of potassium in ethylamine and subsequent 
reaction to form amide proceeded at a reasonable rate when the pro- 
cedure using a potassium film was employed. The film obviously 
exposed a large surface of potassium to the amine and this may have 
been responsible for the increased rate. However, traces of ammonia 
and/or potassium amide were probably present on the potassium surface 
and the possibility exists that these substances catalyze the solu- 
tion process. Moissan'o2> reported that the presence of ammonia in 
ethylamine enhances the dissolution of alkali metals in ethylamine. 
Ammonia was added to ethylamine during a run when the amine was in 
contact with pieces of potassium metal but this did not appear to 
affect the rate of dissolution in ethylamine. 

Although the solubility data are not consistent, it can be 
said that the solubility of PEA in ethylamine is relatively high and 
definitely increases with temperature. Visual observation indicates 
solutions containing approximately 90 gm-K/kgm-amine have a saturation 
temperature close to -40°C. The measured concentrations at tempera- 


tures lower than -40°C appeared to depend on the amount of potassium 
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in the system and did not reflect marked changes with temperature in 
the amount of the white flocculent solid that was present. Solid 
which precipitated at the lower temperatures generally redissolved 
when the solution was heated. 

In order to check the material balance, samples were some- 
times removed when there was no solid present in the solution. 
Analysis of these samples did not agree well with the values calcu- 
lated by knowing the amount of potassium and ethylamine in the 
reaction vessel. This difficulty would appear to be due to some 
fault in the procedure used in preparing samples for analysis. 

By a careful observation, it was found that there were at 
least two different kinds of white solid present in the solution. 
One was the flocculent solid which existed all the time at -78°C and 
another one was a needlelike solid which was observed at higher 
temperatures and at higher potassium concentrations. The needlelike 
solid was very unstable and appearance of this solid was not always 
reproducible. The system may be similar to the potassium amide - 
ammonia system where two different ammoniates, KNH, * NH. and 
KNH. *2NH 3, precipitate from solution at temperatures below approxi- 
mately -40°C. 

Dry PEA is a white solid and is very sensitive to air. It 
can react with air explosively and spontaneously ignites. The 


solution of PEA in ethylamine readily turns brown on exposure to air. 
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C. Potassium N-Propylamide in N-Propylamine 
Unsuccessful attempts were made to prepare the PPA by 
direct contact of pieces of metallic potassium with n-propylamine. 


(71) 


The work by Bar-Eli and Tuttle is the only published work which 


reports that potassium dissolves in n-propylamine yielding a light 


blue solution. Tehiges??) 


also tried to dissolve potassium metal 
into n-propylamine to prepare PPA, however, he observed no appre- 
ciable reaction except a few small bubble formations on the metal 
surface. 

It was found in this study that the potassium metal film 
Prepared as described for ethylamine could be dissolved in n-propyl- 
amine and react to form PPA in the presence of ferric oxide catalyst. 


No effort was made to determine the reaction products thus the form- 


ation of amide was not conclusive. 


D. Potassium 1,2-Propanediamide in 1,2-Propanediamine 

For initial runs, potassium metal could not be dissolved 
in 1,2-propanediamine due to impurities on the metal surface. Once 
this problem was overcome, all the charged potassium reacted with 
1,2-propanediamine to form amide. However, potassium | ,2-propane- 
diamide was unexpectedly unstable when the concentration was high. 
Therefore, it was impossible to determine the saturation concentra- 
tion for this system. 


(93) reported that potassium metal dissolved in and 


Ishige 
reacted with 1,2-propanediamine very slowly and blue colour was 
observed only near the surface of potassium metal. Because of a slow 


reaction, he did not prepare a saturated solution for this system. 
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No attempt was made to determine if this amide contained 
two amide groups or only one. Because the two amino groups are very 
close in the 1,2-propanediamine molecule, it is expected that only 


mono amide is formed. 


E. Potassium 1,2-Ethanediamide in 1,2-Ethanediamine 

Potassium 1,2-ethanediamide was also very unstable and 
Saturation concentrations could not be determined. The reaction of 
potassium with 1,2-ethanediamine was more violent compared to that 
with 1,2-propanediamine. 

For this diamine, each of the amino groups have an equal 
opportunity to react with potassium thus the formation of dipotassium 


1,2-ethanediamine is very possible. 


F. Solubility of Hydrogen in Solutions of Potassium 
Methylamide in Methylamine 


(92) 


The Henry's law coefficient obtained by Moore for 


hydrogen in methylamine is expressed by the following equation. 


In H, = 6.1092 + TACO SISy A (43) 


Ree is the absolute temperature. According to this equation, 
the Henry's law coefficients are 5600 atm. and 9100 atm. at 4°C and 
-40°C respectively. The value at 4°C compares to an average value 
of 5638 atm. obtained in this study for the solution of hydrogen in 
an amide solution containing 22 gm-K/kgm-amine. This indicates that 
the amide has a negligible effect on the hydrogen solubility. 


However, there is considerable scatter in the data and some samples, 
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particularly those taken at -40°C indicate that the solubility could 
be ten to twenty percent higher in the amide solution. The scatter 
may be due to faulty sampling in that flashing across the sintered 
Stainless steel filter may have interfered with the obtaining of 
representative samples. The data taken at 4°C and 11 atm. seem to 
be the best in which scatter was minimized due to better temperature 
control. However, further investigation at -40°C should be under- 
taken in order to conclude the amide effect on the hydrogen 


solubility. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 


The measurement of the solubility of potassium methylamide 
in methylamine was quite successful and data were collected over the 
temperature range -78°C to +40°C. The effect of temperature on the 
solubility was unexpected in that the solubility decreased with temp- 
erature. Atomic absorption spectrophotometry was used for potassium 
analysis and proved to be more reliable and convenient than the 
titration of a hydrolyzed solution with HCl. 

The reaction of metallic potassium with ethylamine to form 
amide proceeded readily when the ethylamine was exposed to a film of 
potassium that had been precipitated from ammonia. A clear under- 
standing of the saturation solubilities was not obtained. This is 
probably due to the fact that several different amide species could 
be formed. The reasons for the difficulties encountered with analysis 
are obscure. However, it can be said that the solubility of potassium 
ethylamide in ethylamine is very large (approximately 90 gm-K/kgm-amine 
at -40°C) and the solubility increases markedly with temperature. 

No conclusive results were obtained concerning the satura- 
tion concentration of potassium n-propylamide in n-propylamine. A 
Single attempt showed that it is possible to prepare the potassium 
amide of n-propylamine by the direct contact of a potassium metal 
film (precipitated from ammonia) with n-propylamine. A solution was 
prepared that contained approximately 11 gm-K/1. solution at room 


temperature. 


ont 19Vv0 bstasi foo gyow 626b bns twteesoove osiup 2 

aft no syudenogned to soot ont 2208, od 388y- “206 
-qnad dtiw bozssio9b vit itduloe ent Jens at bedoaqxanu 26w yatl tautoe 
mutez2ssog or bo2u e6W \visemosorgqarsoaqe. nortqvozds aia Pusan 
gat nstis tiotnayro> bas sfdstley svom ad ot Bavorg bie: 2 


[OH dd tw nottutoe besyforbw 6 to notseutt3 


mor ot ania rit ag tw nu Feestog ott fetem- th ngisvsen sit 

to mfitos of baeoaxs 26w a ent merlw Uitbess babasoo'g ob has 
-yobnu 15919. A Rincon mov? basstidissiq no8d bert tend mfesaian 
et 2tAT ‘ueetavan jon 26w 2esfitlidutoe not tenuise ait to cate 


bios eotoage sbims tnsysttrb ferevee tons tost cn ot sub dsdong 


ateylens adtw beystnuoons zoftluottttb sdt tot enoessy SAT bono? od . 


mu feestog to yirlidufoe sit ssdd bise sd v6 ST -13vewoH .swoedo sts 
sees dicta! O€ yfssamixovgqs) spysl yrov ef anime gits nr abime {yrte 


.swisrsqmes ditw yfbodvem esessvont vtt Prduloe ‘ofls bas (3°0b- 36 - 


~6t62 aid BartAysato5 bentsido stew etfueoy av feul nos ov 
A .antmelyqorq-n nt abimefyqovg- | mubeestoq 70 no erénsonos not? 
muft2zzgsteq sit sisqs1q of aldtezoq et +f sort banone Jqnas3s sipnte 
(adam mutezesoq 6 to to6tno toavib. snd vd shi gong Yo ab fins 
26W nottufo2 A antago astw (stronns ort ‘bated tgtoayg) ah 
moor #6 nofsuto2 DUH rr fst sinFxovags bontsanes so omageng 


82 


Potassium dissolves in 1,2-propanediamine and 1,2-ethane- 
diamine and reacts to form amides. However, these solutions are 
unstable at room temperature and at high concentrations and the amide 
appears to react further to form low molecular weight polymers. 
These amides could be of interest as catalysts if a sufficiently low 
concentration of catalyst can be applied in the deuterium exchange 
process. 

Limited experiment indicates that the existence of potas- 
Sium methylamide in methylamine has a negligible effect on the solu- 
bility of hydrogen in the solution. However, further work is 
required to establish the effect of the amide on hydrogen solubility 
conclusively. 

There is considerable scope for additional work to study 
alkali metal alkylamide - amine systems. Additional work could 
include 

(1) The chemistry of decomposition reactions of alkali 

metal alkylamides. 

(2) The chemistry of reactions of alkali metal alkylamides 

with oxygen and other impurities such as (0.5 HA0. 

(3) Further investigations of the solubility of potassium 

ethylamide in ethylamine. 

(4) Further investigations of the solubility of potassium 

n-propylamide in n-propylamine. 

(5) The study of catalytic activity and stability of 

alkali metal alkylamides. 


(6) The study of solubility of lithium alkylamides in amines. 
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Atomic Absorption Spectrophotometry 
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APPENDIX A 


Atomic absorption spectrophotometry is a technique for 
quantitatively determining the concentration of metallic and semi- 
metallic elements in any material that can be dissolved or placed 
in suspension. In atomic absorption analysis, the sample is heated 
to a high temperature, most commonly by burning it in a flame. The 
flame breaks up the chemical bonds between the molecules and 
individual atoms are floated freely in the sample area. In this 
condition, the atom can absorb ultraviolet or visible radiation. 
The wavelength band which each specific element can absorb is very 
narrow, and is different for every element. The radiation source 
is usually a hollow cathode lamp whose cathode contains the element 
of interest. 

When the light is passed through the flame, a certain 
proportion of the light will be absorbed, depending on the concen- 
tration of the element in the sample. The instrument measures the 
amount of absorption. 

The instrument used in this study was a "Model 290 B 
Atomic Absorption Spectrophotometer" supplied by PERKIN-ELMER. 

The potassium lamp used was an "Intensitron Lamp #566 - M" which 
was a hollow cathode type. This lamp was also obtained from 
PERKIN-ELMER. 

Analytical procedures employed are as following. The white 
solid which was obtained after drying the samples in an oven was 
dissolved in 200 ml. of distilled water. A maximum potassium concen- 


tration of 5 mg/l. solution is suggested for analysis thus solutions 
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were prepared by diluting with distilled water until the concentra- 
tion was reduced to less than 5 mg./1. solution. At the same time, 
four solutions having potassium concentrations of 1, 2, 3 and 5 mg./1. 
solution were prepared by diluting a standard solution with distilled 
water. The standard solution had a potassium concentration of 

100 mg./1. solution and was prepared from "Potassium Hydroxide 
Solution (0.1N)" which was purchased from Fisher Scientific. 

The instrument was calibrated by using these four solutions 
and pure distilled water so that a reading of zero was obtained for 
distilled water and 100 for the solution of 5 mg./1. solution. Once 
the instrument was adjusted, the three other solutions were tested 
for readings. The readings were near 20, 40 and 60 for 1, 2 and 3 
mg./1. solution, respectively. 

The sample solutions were then analyzed and the readings 
recorded. After analyzing all the samples, the instrument was 
tested for readings 0 and 100. 

Usually, these readings did not change considerably from 
those before analyzing sample solutions. However, when there were 
considerable changes in readings before and after the analysis of 
sample solutions, the instrument was adjusted and the procedure 
repeated. 

Concentrations of potassium in sample solutions were 
determined as follows. First, the five readings obtained for solu- 
tions of 0, 1, 2, 3 and 5 mg./1. solution were located on a "Con- 
centration vs. Reading Graph" and a straight line was drawn through 


those points. This line was called a calibration line. Then, the 
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readings obtained for samples were correlated with the concentration 
by means of the calibration line. The absolute potassium amount in 
each sample was determined by back-calculation according to the 
dilution process employed to prepare samples. Since the volume or 
mass of each sample was known, the concentrations of potassium in 
each sample were obtained in terms of "grams potassium per litre 


solution" or "grams potassium per kilogram solution". 
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APPENDIX B 


Density of Liquid Methylamine 
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Figure 16. DENSITY OF LIQUID METHYLAMINE 
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Density of Liquid Ethylamine 
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Figure 17. DENSITY OF LIQUID ETHYLAMINE 
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